In laboratory, greenhouse and field tests, we determined the effects of combining full rates of the defoliants tribufos and thidiazuron and the herbicide thifensulfuron-methyl with half rates of the insecticides lambdacyhalothrin or azinphos-methyl, and the combination of tribufos and thidiazuron, both in half rates, on mortality of the boll weevil, Anthonomus grandis grandis Boheman and on the quality of defoliation. Tribufos, 0.47 kg ha −1 and tribufos, 0.235 kg ha −1 + thidiazuron, 0.125 kg ha −1 exhibited a slightly toxic effect to boll weevil, while tribufos, 0.47 kg ha −1 + lambda − cyhalothrin, 0.019 kg ha −1 , tribufos, 0.47 kg ha −1 + azinphos − methyl, 0.14 kg ha −1 , and tribufos, 0.235 kg ha −1 + thidiazuron, 0.125 kg ha −1 + azinphos − methyl, 0.14 kg ha −1 , provided control of boll weevil as good as or better than full-rate azinphos-methyl or lambdacyhalothrin alone owing to synergistic effects. Thidiazuron or thifensulfuron-methyl alone or in combination with insecticides did not affect boll weevil mortality. Treatment with tribufos + thidiazuron, both at half rate, significantly increased defoliation compared to full rates of tribufos or thidiazuron alone, and provided adequate defoliation for approximately the same cost per hectare 
INTRODUCTION
The boll weevil, Anthonomus grandis grandis Boheman, remains a key pest of cotton in non-eradicated areas of the US cotton belt. Total costs for boll weevil (damage and control) exceeded $381 million in 2000. 1 Chemical control programs against this pest that rely on broad-spectrum insecticides have associated environmental problems, and may lead to insect resistance. Alternatively, integration of pesticides with cultural practices, such as defoliation, may provide opportunities for reducing insecticide input.
Chemical defoliants of cotton are commonly used as a harvest aid, causing leaf abscission, earlier boll opening and shedding of young fruiting forms, so reducing boll rot and preventing deterioration in quality of seed and fibre. 2 -6 Application of defoliants is an important component of short-season cotton production practices, and shortens the time that cotton is vulnerable to insect attack. The change from conventional long-season cotton to a short-season system alters the strategies of control of pink bollworm, boll weevil, bollworm and tobacco budworm complex, whiteflies, aphids and spider mites by eliminating leaves, squares and small bolls which provide feeding and oviposition sites for insect pests. 7 -14 Defoliation is thought to facilitate dispersal of boll weevils out of the fields, and some of these weevils may overwinter to infest young cotton the following year. 8, 15 However, the possibility that defoliants may have lethal or sublethal effects on boll weevil has not been examined. Thus, in many regions, insecticides are applied to fields just prior to defoliation ('diapause treatment') to reduce the potential overwintering population. Some authors indicate that defoliant combined with insecticide resulted in additive and synergistic effects on insect mortality. 16 -19 Most experiments with cotton defoliants are concerned with their effects on plant physiology, yield and crop quality. Effects of defoliants on insects have been suggested in many cases only by observations or assumptions, but are poorly known, and detailed studies are necessary. The objective of the current study was to examine combinations of insecticides with defoliants for their ability both to control boll weevils and to achieve adequate and cost-effective defoliation. The study was conducted in laboratory, greenhouse and small field plots. Knowledge of how various defoliants alone and in combination with insecticides affect boll weevil and other insect pests in cotton may reveal opportunities for reducing the number of late-season insects and the dispersal of some of them to other host plants.
MATERIALS AND METHODS

Plants and boll weevil culture
Cotton (Gossypium hirsutum L), DPL-5415 RR (Delta Pine Land, Scott, MS), was used in all tests. Boll weevil adults were obtained from (1) an established colony at the USDA APHIS-PPQ, Mission Plant Protection Center, Mission, Texas and were reared on an artificial diet, 20, 21 and from (2) infested squares collected in a cotton field in the Lower Rio Grande Valley of Texas and held in an environmental chamber for adult emergence.
Defoliants and insecticides
Two formulated defoliants, tribufos (S,S,S-tributylphosphorotrithioate) 720 g liter −1 EC (Def 6; Bayer, Kansas City, MO) and thidiazuron 490 g kg −1 WP (Dropp 50WP; AgrEvo, Wilmington, DE), and a herbicide against volunteer cotton on fallow ground, thifensulfuron-methyl 750 g kg −1 WP (Harmony Extra; EI Du Pont de Nemours and Company, Wilmington, DE) were tested alone and in combination with selected standard insecticides (an organophosphate and a pyrethroid) that are commonly used in cotton for boll weevil control in the Lower Rio Grande Valley (Norman JW, pers comm). The pyrethroid was lambdacyhalothrin as a 118 g liter −1 EC (Karate Z; Zeneca, DE); the organophosphate was azinphos-methyl as a 118 g liter −1 EC (Guthion 2 L; Bayer; Kansas City, MO). The defoliants and insecticides were applied at the following rates: tribufos 0.47 kg AI ha −1 , thidiazuron 0.23 kg AI ha −1 , thifensulfuron-methyl 0.043 kg AI ha −1 , lambda-cyhalothrin 0.038 kg AI ha
and azinphos-methyl 0.28 kg AI ha −1 . Other application rates used are expressed as rates relative to the full rates (1×) listed above.
Experimental design 2.3.1 Laboratory tests
Boll weevil adults of two age categories (3-and 14-day-old) from a colony reared on artificial diet (Series 1) and from infested squares (Series 2) were exposed directly and indirectly to chemical treatments (year 2000) . Emerged weevils were provided with artificial pellets or squares until they reached the required age. Series 1. Treatments were as follows: tribufos (1×), thidiazuron (1×), thifensulfuron-methyl (1×), azinphos-methyl (1× and 0.5×), lambda-cyhalothrin (1× and 2×), tribufos
, and control [sprayed with reverse osmosis (RO) water].
Series 2. The choice of treatments was based on the result of the more extensive suite of treatments in Series 1 as follows: tribufos (1×), thidiazuron (1×), azinphos-methyl (0.25×), lambdacyhalothrin (1×), tribufos (1×) + azinphos-methyl (0.25×), tribufos (1×) + lambda-cyhalothrin (1×), and control (sprayed with RO water).
Series 3.
In these experiments, conducted in 2001, boll weevil adults of two age categories (3-and 14-day-old) and reared on artificial diet were exposed to leaves which had been sprayed with the following combinations of defoliants and insecticides: tribufos (1×), lambda-cyhalothrin (1× and 0.5×), azinphosmethyl (0.5×), tribufos (1×) + lambda-cyhalothrin (1×), tribufos (1×) + lambda-cyhalothrin (0.5×), tribufos (1×) + azinphos-methyl (0.5×), tribufos (0.5×) + azinphos-methyl (0.5×), tribufos (0.5×) + thidiazuron (0.5×) + azinphos-methyl (0.5×), and control (sprayed with RO water). There were three replicates per treatment. Each replicate consisted of a vented Petri dish (15-cm diameter with a 5-cm diameter circular nylon screen window) containing 10 boll weevils. In direct treatments, all 10 weevils were sprayed and then placed in a new non-treated vented Petri dish. For indirect treatments, a cotton leaf placed in a vented Petri dish was treated and then 10 non-sprayed weevils were placed on the treated leaf.
To apply defoliants, insecticides and combinations, we used a laboratory spray chamber (De Vries Mfg, Hollandale, MN), calibrated to deliver 56 liter ha −1 using one TXVS-4 nozzle at 1.7 kg cm −2 pressure and 4.8 km h −1 . 
Greenhouse tests
Experimental indices and their assessment 2.4.1 Laboratory tests
For all three set of treatments (young and old boll weevils, sprayed directly and indirectly), boll weevil mortality was determined 24, 48 and 72 h posttreatment. A weevil was considered dead if it did not move when the rostrum was pinched with forceps or when prodded in the abdomen. The weevils were sexed 22 and mortality of females and males was evaluated separately. Weight of living and dead weevils was recorded on an analytical balance. Body fat of living and morbid weevils was evaluated and rated as 3 (fat), 2 (intermediate), 1 (lean) or 0 (extra lean). 23 Eggs oviposited per female per day for the first 5 days after 72-h mortality was also checked. Ten females per treatment were placed individually in Petri dishes with 10 squares renewed daily and the numbers of oviposition (sealed) punctures in the squares were recorded. We used the number of oviposition punctures as a relative measure of egg production, because reports of boll weevil oviposition are based on such counts. 24 
Greenhouse tests
The numbers of non-dry leaves per plant, as a measure of leaf defoliation, were recorded for each pot 7 days post-treatment.
Small field plot tests
Boll weevil mortality 24, 48 and 72 h post-treatment was recorded for all treatments. This was evaluated from screen and vacuum samples.
Screen samples
Three 3-m-long screens were placed in the center furrow of each plot. Two of the screens were placed beginning 10 m in from the respective ends of the furrow, and the third in the center of the plot. The screens consisted of nylon screen stapled to 2.5 × 2.5 cm boards along the sides. The wooden frame was secured flush against the base of the cotton plants on each side of the furrow. All weevils and elytra (ants sometimes carried off dead weevils but left their elytra behind) were removed from the screen and returned to the laboratory. Live weevils were placed in Petri dishes designated by treatment and held for 48 h, if they were collected on the first day post-treatment, or for 24 h if collected on the second day post-treatment. The Petri dishes were held in an environmental chamber at 28 (±1)
• C and a photoperiod of 14:10 h light:dark. For analysis, the number of weevils that died in Petri dishes was added to those that were already dead when collected on the same day. The number of dead weevils estimated from elytra was computed by pairs of left and right elytra. Boll weevil field mortality was calculated by dividing the average number of dead weevils per row-meter of screen by the average number of live weevils per rowmeter in the field. The latter was estimated from beat bucket samples 25 taken from 60 plants, and calculated as the number of boll weevils collected per plant multiplied by the number of plants per row-meter.
Vacuum samples
Vacuum samples were taken with a tractor-mounted vacuum sampler 26, 27 from the entire length of one row of each plot. The first sample was taken the day before treatment from row 2, the second at the first day post-treatment from row 5, the third at the second day post-treatment from row 3, and the fourth at the third day post-treatment from row 4. Ten live weevils (unless <10 were available) from each plot were placed in Petri dishes and held in an environmental chamber as described in Section 2.3.4.1 for 48 h if they were collected on the first day post-treatment, or for 24 h if they collected on the second day post-treatment, and checked for mortality.
Three days before treatment, we recorded the number of plants per row-meter, boll weevils per plant and row-meter, plant height, number of leaves per plant, including the number of desiccated leaves, and bolls per plant, including how many were open. Samples were made by crossing the experimental field diagonally from one corner to another. Measurements were taken from 40 plants or 25 row-meters. Seven days post-treatment, we again sampled the number of leaves per plant for each plot, with 30 plants examined per plot.
Statistical analyses
Data were analyzed using analysis of variance (ANOVA), and means were separated by Tukey Studentized range honestly significant difference (HSD) test (α = 0.05). 28 Percentage data were transformed using the arcsine-square root method, but are presented as non-transformed means. 29 Differences in pairs of means were tested for significance with t tests.
RESULTS AND DISCUSSION
Laboratory tests
Mortality of boll weevil (after direct spray) was caused only by direct contact with the chemicals. However, those placed with treated leaves (indirect treatments) could have obtained a lethal dose both through contact and ingestion, because, in these experiments, we observed boll weevils feeding on the leaves.
The effects of chemical defoliants alone and in combination with insecticides on boll weevils reared on artificial diet are presented in Table 1 . After being sprayed with thidiazuron (1×) or thifensulfuronmethyl (1×), the mortality of young and old boll weevils was similar to that in the controls (2.4-11.1% vs 3.3-9.0%), while those sprayed with tribufos (1×) alone had significantly higher mortality than controls (22.5-30.4% vs 3.3-9.0%). When azinphos-methyl was used at the full rate, boll weevil mortality was 97.2-97.9%, compared with 62.7-80.0% mortality with the half rate. Weevil mortality in treatments with lambda-cyhalothrin at full rate was considerably lower than with azinphosmethyl and not much different from that with tribufos. Boll weevil mortality was not significantly different among any direct and indirect spray treatments, except treatments with lambda-cyhalothrin alone and in combination with defoliants for young weevils, and in thidiazuron + lambda-cyhalothrin for old weevils. Three-day-old weevils in some treatments were more tolerant to insecticides than 14-day-old insects (lambda-cyhalothrin (2×), [P = Table 1 . Effects of defoliants alone and in combination with insecticides on boll weevil mortality (%) (total for 72-h post-spray, weevils were reared on artificial diet) in laboratory tests a,b
Young weevils (3-day-old)
Old weevils (14-day-old) (Table 1) , after spraying with lambda-cyhalothrin (2×) the weevils practically stopped laying eggs (0.12 eggs per female per day) (F = 73, df = 9, 90, P = 0.004).
The effects of chemical defoliants alone and in combination with insecticides on feral boll weevils showed the same trends as weevils reared on artificial diet, and are presented in Table 2 . The results indicate that tribufos by itself was toxic to young and old weevils. Total mortality from tribufos for the 72-h post-spray period was significantly higher than that of control and thidiazuron treatments. The mortalities from lambda-cyhalothrin (1×) and azinphos-methyl (0.25×) alone were not significantly different from the treatment with tribufos. The combination of tribufos (1×) + lambda-cyhalothrin (1×) showed synergistic effects in all tests, while tribufos (1×) + azinphos-methyl (0.25×) showed synergism only in old weevils. Mortalities of feral weevils did not differ significantly between direct and indirect treatments, except for lambda-cyhalothrin (1×), azinphos-methyl (0.25×) and lambda-cyhalothrin (1×) + tribufos (1×) against young weevils. Feral weevils surviving after treatment weighed significantly more than dead weevils [11.2 (±1.6) vs 8.2 (±1.3) mg] (T = 7.2, df = 48, P = 0.001). It is possible that dead weevils weighed less than live weevils due to post-mortem water loss. In contrast, young weevils of both sexes surviving treatments of any kind had significantly (non-overlapping 95% CI's) lower-rated levels of body fat [females 1.0 (±0.09); males 1. Cumulative mortality of boll weevil through 72 h in Series 3 of laboratory tests is presented in Table 3 . Defoliant plus insecticide treatments had a significant effect on boll weevil mortality. Tribufos (1×), lambda-cyhalothrin (1× and 0.5×) exhibited moderate toxic effects, while tribufos (1×) + lambda-cyhalothrin (0.5×) and tribufos (1×) + azinphos-methyl (0.5×) showed synergistic effects.
In conclusion, the results of the laboratory tests indicated that tribufos by itself exhibited a toxic effect on boll weevil. tribufos (1×) + lambda-cyhalothrin (0.5×) and tribufos (1×)+ azinphos-methyl (0.5×) showed synergistic effects on weevil mortality. Tribufos (1×) + lambda-cyhalothrin (1×) and, especially, lambda-cyhalothrin (2.0×) significantly reduced the number of eggs deposited per female per day. These results demonstrate that efficacy equal to that of full insecticide rates can be attained by using half the insecticide rates when combined with tribufos. The effects of chemical defoliants alone and in combination with insecticides on feral boll weevils showed the same trends to those on weevils reared on artificial diet. 
Small field plot tests
Mortality values from tribufos (1×) alone and in combination with lambda-cyhalothrin (1×) and azinphos-methyl (0.5×) are presented in Fig 1 ( results from 2000, mortality screen data). Tribufos (1×) alone exhibited a toxic effect on boll weevil (cumulative mortality of insect through 72 h was estimated as 0.519 (±0.1) dead boll weevils m −2 ). In plots treated with lambda-cyhalothrin (1×), we estimated 1.222 (±0.2) dead weevils m −2 by 72 h, while in plots treated with azinphos-methyl (0.5×), we estimated 0.741 (±0.1) dead weevils m −2 . In tribufos (1×) + lambda-cyhalothrin (1×) plots, the rate of boll weevil field mortality by 72 h was 2.4 times higher than in the lambda-cyhalothrin (1×) plots, and 5.8 times higher than in tribufos (1×) plots. Similarly, in plots treated with tribufos (1×) + azinphos-methyl (0.5×), boll weevil mortality was 2.2-fold higher than in azinphos-methyl (0.5×) plots, and was 3.1-fold higher than in tribufos (1×) plots (F = 15.8, df = 4, 10, P = 0.001). These results suggest a synergistic effect of tribufos (1×) + lambda-cyhalothrin (1×) over tribufos (1×) or lambda-cyhalothrin (1×) alone and also tribufos (1×) + azinphos-methyl (0.5×) over tribufos (1×) or azinphos-methyl (0.5×) alone.
Boll weevil population decrease in the plots evaluated by vacuum samples showed treatmentrelated trends similar to those observed from the screen data (Table 4) . In plots treated with tribufos (1×) + lambda-cyhalothrin (1×) the decrease in population was 2.3-fold greater than in plots treated with tribufos (1×) alone, and 1.6-fold greater than in plots treated with lambda-cyhalothrin (1×) alone. Similar decreases in tribufos (1×) + azinphos-methyl (0.5×) plots were 1.8-fold and 1.5-fold greater than in tribufos (1×) and azinphos-methyl (0.5×) plots, respectively. Data from the vacuum samples cannot be used directly to estimate mortality in the plots, because a decrease in numbers of live weevils after treatment is the result of not only mortality, but dispersal from the plot as well. Nevertheless, if the numbers of weevils dispersing from the plots is relatively independent of treatment, then differences in percentage population decrease across treatments reflects the relative efficacy of the treatments. Sappington et al 30 used a markrecapture technique on the same experimental field to calculate population size. Dispersal out of the field, number that died after dispersal, and total percentage mortality by treatment were calculated by combining data from the mortality screens, vacuum samples, and Petri dishes. Their results are also presented in Table 4 , and show a very similar trend to that predicted from the vacuum samples alone. The similarity in trends between the percentage population decrease estimated by vacuum sample and the mortality estimates from Sappington et al 30 mark-recapture data suggest that dispersal out of the field was relatively independent of treatment. This conclusion is supported by the lack of differential effects of the treatments on the flight behavior of surviving weevils tested on flight mills. 31 Interpretation of our field plot results for 2001 assumes that movement of boll weevils between plots during the experiment was low, as evidence from mark-recapture data suggests. 30, 32 In field 1 (2001), the number of dead weevils recovered on screens in plots treated with lambda-cyhalothrin (1×) or tribufos (1×) + lambda-cyhalothrin (0.5×) did not differ significantly, but both were significantly higher than tribufos (0.5×) + thidiazuron (0.5×) and the untreated control (Fig 2) . The number of dead weevils in plots treated with azinphos-methyl (1×) alone or combined with thidiazuron (1×) was not significantly different from treatments that included azinphos-methyl (0.5×) + tribufos (1×), and were significantly higher than in plots treated with lambdacyhalothrin (1×) or lambda-cyhalothrin (0.5×) + tribufos (1×) (F = 4.8, df = 7, 16, P = 0.005).
In field 2 (2001), we observed a pronounced synergistic effect of lambda-cyhalothrin (0.5×) + tribufos (1×) over lambda-cyhalothrin (1×) and tribufos (0.5×) + thidiazuron, (0.5×) (Fig 3) . The number of dead weevils did not differ significantly among plots treated with azinphos-methyl (1×) alone or in combination with defoliants compared with those including azinphos-methyl (0.5×), except the treatment tribufos (0.5×) + thidiazuron (0.5×) + azinphos-methyl (0.5×), which was lower. The mortality of boll weevils in Petri dishes after collection from the plots by vacuum sampler showed the same trends as the screen data (Table 5) . Combination of tribufos (1×) with lambda-cyhalothrin (0.5×) showed synergistic effects. Mortality with azinphos-methyl (1×) + thidiazuron (1×) was not significantly different from that with tribufos (1×) + azinphos-methyl (0.5×). Population decreases in the plots evaluated by vacuum sampler showed treatmentrelated trends similar to those observed from the screens and Petri dishes (Fig 4) . In plots treated with tribufos (1×) + lambda-cyhalothrin (0.5×), the cumulative reduction in live weevils after 72 h was 4.7-fold greater than in plots treated with lambda-cyhalothrin (1×) alone, and 3.2-fold (24 h post-treatment) and 4.1-fold (48 h post-treatment) greater than in plots treated with tribufos (0.5×) + thidiazuron (0.5×) (Fig 4) . Similarly, decreases in the tribufos (1×) + azinphos-methyl (0.5×) plots were 7.1-fold, 2.3-fold and 2.7-fold greater than in the azinphos-methyl (1×), or tribufos (0.5×) + thidiazuron (0.5×) plots at 72, 24 and 48 h post-treatment, respectively. The number of weevils remaining in the tribufos (0.5×) + thidiazuron (0.5×) plot was not significantly different from the control at 24 and 48 h post-treatment (P > 0.05), but was significantly different by 72 h (Fig 4) . This late decrease presumably reflected dispersal of weevils from the plot as leaves began to fall from the plants. The other treatments may also have contributed to the dispersal of weevils from the plots by 72 h, but the screen and Petri dish data suggest that the cumulative reduction in population can be attributed largely to mortality.
In conclusion, the results from the field tests indicated that tribufos (0.5×) + thidiazuron (0.5×) was slightly toxic to boll weevil, and that tribufos (1×) + lambda-cyhalothrin, (0.5×), tribufos (1×) + azinphos-methyl (0.5×), and tribufos (0.5×) + thidiazuron (0.5×) + azinphos-methyl (0.5×) performed as well or better than full rates of lambdacyhalothrin or azinphos-methyl alone. Application of half rates of azinphos-methyl or lambda-cyhalothrin mixed with defoliant will permit growers to attain the benefits of a diapause control program at reduced cost and insecticide input into the environment.
Quality of defoliation
The different treatments significantly affected the quality of defoliation in the greenhouse (F = 193.4, df = 4, 44, P = 0.001) ( Table 6 ). The percentage of dropped leaves per plant was significantly higher for tribufos (1×) sprayed twice (97.4%) and a combination of tribufos (0.5×) + thidiazuron (0.5×) sprayed once (97.8%) than that with tribufos (1×) sprayed once (80.2%) or thidiazuron (1×) sprayed once (78.7%).
In small field plot tests treatments including tribufos (0.5×) + thidiazuron (0.5×) showed 93.6-96.4% increase in leaf drop over the control at 7 days posttreatment (Table 7 ). In the treatments containing only tribufos (1×) or thidiazuron (1×), this was reduced to 59.8-71.8%. The insecticides alone had no significant effect. It is likely that fields with <70% defoliation would be treated a second time, thus increasing costs. Defoliation started by the third day after spraying, as revealed by the weight of vacuum samples which was a function of leaves collected in the bags. The weight of vacuum samples from the plots receiving defoliant treatment was about 3.6-fold greater than Most farmers currently treat their fields only once with tribufos or thidiazuron, and they may not achieve perfect defoliation, which can have negative effects on mechanized harvest. Better defoliation can be accomplished using a combination of tribufos (0.5×) + thidiazuron (0.5×), although the mechanism of this interaction is unknown.
